The effect of annealing in air and oxygen on structural, electrical and optical properties of gallium doped ZnO thin films was investigated. The X-ray diffraction patterns showed that the films were highly preferentially oriented along (002) plane. After the heat treatment in air and oxygen environments, the intensity of (002) peak was apparently improved. It was found that heat treatment in air atmospheres lead to increase in surface roughness of the film. The GZO films annealed in oxygen at 673 K exhibited low resistivity of 4.21 × 10 -3 Ω·cm, while the resistivity of film annealed in air showed a slightly higher value of 7.14 × 10 -3 Ω·cm. In addition to this, all films have good optical transmittance about 80% in the visible region. It is found from the photoluminescence studies that the broad visible emissions in GZO films originated from the intrinsic shallow traps (V Zn ) and deep level vacancies (Z ni , O Zn and V O ).
Introduction
In recent years, ZnO films have been extensively studied due to its promising nature of replacing GaN in the blue and ultraviolet optoelectronic applications such as UV lasers, blue to UV light emitting diodes and UV detectors [1] [2] [3] . The notable properties of ZnO are its direct band gap of 3.37 eV at room temperature and high exciton binding energy of 60 meV which is higher than that of GaN (21 meV) and ZnSe (20 meV) [4] . When compared to GaN and ZnSe, ZnO films can be deposited at a lower temperature, which is preferable for realizing integration of ZnO based optoelectronic devices using silicon-based microelectronic process. Moreover, it is believed that the Ga, Al and In doped ZnO nanostructures possess more potential for diverse applications [5] . Among these elements, Ga has two major advantages. Most important one is the lower defect generation when ZnO is doped with Ga since the atomic radius of Ga is similar to that of Zn. The gallium doped zinc oxide (GZO) has been relativity less studied than Al-doped ZnO (AZO). Doping is the most relevant issue for the design and realization of ZnO-based devices. This issue in particular, is important for the applications of ZnO as TCO. By means of doping, good conductivities as well large ranges of transparency in the visible (VIS) and near UV range can be obtained [6, 7] . Therefore, impurity doped zinc oxide (ZnO) such as Al or Ga-doped ZnO, has recently gained much attention as an optoelectronic material [8] [9] [10] [11] [12] . GZO is more stable with respect to oxidation due to gallium's greater electronegativity in comparison with aluminium [13] . It has also been reported that heavily Ga-doped ZnO is more stable than Al-doped ZnO when subjected to moisture [14] . Moreover, recent studies have reported the use of ZnO as an air stable anode in an OLED, providing an additional evidence of GZO as a promising TCO for organic device applications [15] .
In this study, we illustrate the results of our investigations on the influence of air and oxygen atmosphere annealing on the structural, electrical and optical properties of Ga doped ZnO (GZO) films prepared by spray pyrolysis. Comparisons of the stability of the electrical resistivity of GZO films are analyzed after heat treatment in air and oxygen.
Experimental
Spray pyrolysis is an effective method for the deposition of GZO thin films. The precursor solution for spray pyrolysis was prepared by dissolving an appropriate amount of zinc acetate dehydrate and gallium nitrate in the mixture of deionized water and ethanol at room temperature. In this mixture, ethanol concentration was 10 ml in 100 ml solution. A few drops of acetic acid were added to aqueous solution to prevent the formation of hydroxides. The concentration of gallium was 3 at%. The total concentration of the solution was maintained at 0.2 mol·L -1 . The glass substrates were cleaned thoroughly with acetone, isopropanol and finally with deionized water with the help of an ultrasonic bath. The nozzle was at a distance of 20 cm from the substrate during deposition. The solution flow rate was held at constant rate 3 ml/min. Air was used as the carrier gas at the pressure of 2 bar. When aerosol droplets approach nearer to the substrates, pyrolytic processes occur and highly adherent GZO films were formed. The GZO thin films were deposited at substrate temperature of 623 K with 350 nm thickness. The as deposited samples were annealed for 30 minutes at 673 K in oxygen and air. Higher oxidation temperatures could not be used due to the limitations of the glass substrates. The thickness was measured using Stylus profile meter. The structural properties were studied by X-ray diffraction measurements (XRD) using Rigaku D/Max ULTIMA III diffractometer with CuK  radiation ( = 1.5406 Å). The average dimensions of crystallites were determined by the Scherer method from the broadening of the diffraction peaks. The surface chemical analysis was investigated by X-ray photoelectron spectroscopy (XPS) with anylizer PHOIBOS HSA3500 100 R4 [HWtype 30:2] MCD-5 instrument. Al K α (1486.61 eV) radiation was used as the excitation source. The surface morphology profiles of the samples were recorded using Nanoscope-E instrument in contact mode with a Si 3 N 4 cantilever of atomic microscope (AFM). Photo luminescence (PL) measurements were performed using the 325 nm line from a Xenon pulse lamp as the excitation source. Electrical properties, namely resistivity, Hall mobility, and carrier concentration were measured at room temperature using a standard Hall measurement system (Ecopia, Model: HMS-3000) in van der Pauw configuration.
Results and Discussion

Structural Properties
The diffractogram (Figure 1 ) of the GZO thin films annealed in different atmospheres shows that all the XRD patterns have prominent peak corresponding to ZnO (002) orientation. Ga may either exist in the form of Ga 2 O 3 or substitute for the Zn atom in ZnO lattice, designated as Ga Zn . No peak ascribing to Ga 2 O 3 phase is identified from XRD. This reveals that gallium is plausible to reside on zinc site in the hexagonal lattice [16] . It is clear that the films exhibit highly preferred orientation with c-axis perpendicular to the substrate surface. Essentially, only (002) phase is dominating in all the films, indicating high crystalline quality in the film. The crystallinity evaluated from the intensity of the (002) diffraction peak is enhanced by annealing regardless of the annealing atmosphere. There can be many reasons for enhancement in crystallinity after annealing.
One of them is the increase in self-texturing by annealing, so that most of the grains tend to have a (002) preferred orientation through self-texturing. The (002) peak position for as grown GZO film is at 2 = 34.308˚ which is lower than the corresponding bulk value of ZnO (2 = 34.503˚, JCPDS: 75 -0576). It is observed that with annealing, the (002) peak position shifts towards the powder value of ZnO. This indicates a change in stress in the films due to annealing process [17] . The peak position at lower value indicates a tensile stress in the film [18] . The residual stress along c-axis tends to lower the length of c-axis. During heat treatment these crystallites gain enough diffusion/activation energy and small crystallites migrate to relatively equilibrium sites in the crystal lattice with lower surface energy, since the surface energy for (002) orientations is minimum for ZnO [19] . Thus, the growth orientation develops in one crystallographic direction (002) leading to a larger grain size. The annealing treatment also reduces the trap states thereby improving the crystallinity of the film. The full width at half maximum (FWHM) with 0.1% accuracy is found to vary with the annealing atmosphere, which can be attributed to the coalescences of grains in high temperature [20] . To estimate the grain size of GZO films Scherer's formula was employed. The values of 2, FWHM, Roughness (R), grain size (XRD) and particle size (AFM) are shown in Table 1 . The surface morphology of the samples was investigated using AFM and shown in Figure 2 . The images (micrographs) are obtained in contact mode taken over a scale of 1 × 1 μm 2 . From the Figure 2 , it is observed that the particles on the surface of all the films are irregular in nature, with some voids which arises from the aggregation of grains due to the movement of grain boundaries. The particle size calculated from the AFM data is shown in Table 1 . The values are found to be larger than the grain size calculated from XRD data. This may be due to the aggregation of smaller grains which form bigger clusters on the surface of the films. From the Table 1 , the average surface roughness of air annealed films is 27 nm. This indicates that heat treatment in air can increase surface roughness of GZO film significantly. However, the average surface roughness does not vary much with annealing in oxygen atmosphere.
The surface composition of films was determined using XPS technique. The XPS spectra of the GZO films (Figure 3) show that the binding energy (BE) of each constituent element was positioned at 1117.72 eV (Ga2p 3/2 ), 1022.23 eV (Zn2p 3/2 ) and 530.9 eV (O1s) as calibrated to 285.43 eV (C1s).
The binding energy of Ga2p 3/2 is shown in Figure 3 . The broadening of oxygen spectrum (Figure 3 ) is believed to be composed of two components located around 531 eV and 532 eV respectively. The low BE component is ascribed to covalently bonded oxygen in ZnO structure (lattice oxygen) while the high BE is attributed to the adsorbed oxygen [21] [22] [23] . The higher binding energy at 532 eV is usually attributed to chemisorbed or dissociated oxygen or OH species on the surface of the ZnO thin film, such as adsorbed H 2 O or adsorbed O 2 [24] . Binding energy of O1s of as prepared, air annealed and oxygen annealed are 532.05 eV, 532.33 eV and 531.43 eV respecttively. The binding energy of O1s is high when heat treatment carried out in air. This O1s peak at binding energy of 532.33 eV is clearly indicating the presence of chemisorbed oxygen in the samples. During annealing in oxygen ambient, oxygen vacancies are complemented dominantly by chemisorption process and this combines with sufficient Zn atoms to form new ZnO [25] , resulting in the decrease of oxygen chemisorption i.e. decrease in oxygen binding energy. This chemisorption effect on the surface of the films is negligible in the other ambient such as high vacuum, inert gases and nitrogen [26, 27] .
Electrical Properties
The decrease in resistivity of GZO films compared with ZnO films is attributed to the replacement of Zn 2+ by Ga 3+ ions which introduce a large number of electrons in the doped films. The electrical resistivity, carrier concentration and mobility of GZO thin films annealed in different atmospheres are shown in Table 2 . The resistivity of as deposited films is found to be 5.00 × 10 −3 Ω·cm. The resistivity of GZO films decreased to 4.21 × 10
Ω·cm with annealing in oxygen atmosphere.
From the structural studies, it is clear that the grain size of the GZO films increases during air annealing. The increase in grain size in turn decreases the grain boundary scattering effect. Consequently, a decrease in resistivity is expected. However, from the Table 2 , it is seen that the resistivity is increased to 7.14 × 10 −3 Ω·cm and the carrier concentration decreased to 4.62 × 10 19 cm
. The resistivity of GZO films annealed in air is higher than that of the as-deposited sample, but the resistivity decrease in oxygen is smaller than that as-deposited sample. The variation in resistivity of GZO thin films is mainly due to the change in the concentration of oxygen vacancies. Ahn et al. observed that O II component decreases after annealing in oxygen or nitrogen which is related to the concentration of oxygen vacancies and the GZO films annealed in oxygen have the lower value of O II component [28] . After heat treatment, the changes in resistivity of GZO film can be explained by the chemisorptions of oxygen species at the grain boundaries. In general, the chemisorption of oxygen species at the grain boundaries may act as trapping sites and form potential barriers [29] and thereby decrease in the carrier concentration. On the other hand, the oxygen species scatter along the grain boundaries and occupy the oxygen vacancies in the film. Eventually, the chemisorbed oxygen onto the grain boundaries forms electron traps which reduce the carrier concentration considerably [30] . This leads to increase in resistivity of films. The binding energy values of oxygen are a measure of the chemisorbed oxygen in the films. The binding energy values are calculated from XPS studies. The oxygen (O1s) binding energy values for air annealed (532.33 eV) film is higher than that of both as deposited (532.05 eV) and oxygen annealed (531.43 eV) films. This indicates that the chemisorption of oxygen effect is dominating in air annealed films. Hence, the resistivity is increased and carrier concentration decreased for air annealed films. On the other hand in oxygen annealed films, the oxygen (O1s) binding energy is close to 531 eV, which suggests that the trapping effect of chemisorbed oxygen is weak. This leads to improvement in electrical properties of oxygen annealed GZO films. Figure 4 shows the transmission spectra in the wavelength range of 300 -1200 nm for as grown and annealed GZO films at different annealing atmosphere. From the spectra, it is clear that all films exhibit a transmission of about 80% in the visible range. Transmission, however, falls very sharply in the UV region due to the onset of fundamental absorption. A slight decrease in average transmission is observed in the sample annealed in air and is attributed to increase of surface roughness. The optical transmittance of a film is known to depend strongly on its surface morphology. It is well known that annealing TCO films in an oxygen atmosphere improves their transmittance. Absorption due to an interband transition of ZnO occurs in the wavelength range from 340 nm to 380 nm. The absorption coefficient  is calculated from the relation [31] . As a direct band gap semiconductor, the optical band gap (E g ) and optical absorption coefficient (α) of GZO thin film are correlated using formula [32] . In the case of air annealing, the absorption band edge moved slightly towards the longer wavelength side (red shift) compare to as-deposited samples. In other words, the Burstein-Moss effect [33] is weak as the carrier concentration is lowered by annealing. It is well known that the band gap can be increased with the increase in carrier concentration due to the Burstein-Moss (BM) shift [34, 35] . From Figure 4 , it is observed that the optical band gap values are same for the as-deposited and oxygen annealed samples with 0.06% error.
Optical Properties
Photoluminescence (PL) is very sensitive to the quality of crystal structure and to the presence of defects. The band-to-band excitation of ZnO promotes electrons from the valence band to the conduction band, leaving holes in the valence band [36] . The holes migrate from the valence band to deep levels and recombination occurs between electrons from either the conduction band or shallow donor levels and trapped holes on deep levels [37] . Basically, the PL of ZnO is related to the presence of holes in the valence band. Room temperature PL spectra of the GZO thin films measured using Xenon lamp of 325 nm as excitation source is shown in Figure 5 . The PL emission spectra of as deposited GZO as well as annealed samples are broad and it can be deconvoluted (Gaussian deconvolution) into four bands, 419 nm (2.96 eV), 452 nm (2.74 eV), 491 nm (2.52 eV) and 530 nm (2.34 eV). These results are different from the earlier reports on GZO thin films [38] [39] [40] . The violet luminescence at 419 nm (2.96 eV) is probably due to radiative defects related to the interface traps existing at the grain boundaries and emitted from the radiative transition between this level and the valence band [41] . There is a strong and broad green emission band centered at 491 nm (2.52 eV), which may originate from the commonly assumed recombination of the photoexcited holes with the electrons occupying the singly ionized oxygen vacancies [42] . The green-peak near 2.52 eV is the widely observed defect related emission in ZnO [43] . Egelhaaf et al. [44] reported that, this kind of defect related luminescence has the origin of radiative transitions between shallow donors (related to oxygen vacancies) and deep acceptors (Zn vacancies). The emission at 530 nm (2.34 eV) originates from the defect level of antisite oxygen (O Zn ). According to Ratheesh Kumar et al. [45] , this emission was due to the transition from the conduction band to an acceptor level of antisite oxygen (O Zn ). The peak at 452 nm (2.72 eV) is blue emission, which originates from the defect emission of oxygen vacancies [46] and it is close to previous reported value of 2.66 eV [47] . The PL peaks of annealed films in both atmospheres showed broad emission peaks in violet and blue-green spectral region. The intensity of the emission peaks is found to be increasing with annealing. The enhancement of PL intensity of annealed films can be attributed to the improvement in crystallinity. The improved crystallinity reduces the recombination centers in the films. Consequently, there is a decrease in non-radiative recombination and increase in radiative recombination for non-equilibrium photogenerated carriers [48] . According to Wang et al. [49] , the enhancement in green emission is attributed to the chemisorptions of oxygen. However, in our case the intensity of other emission peaks also increased after annealing. XPS results of O1s showed low binding energy (531.43 eV) for oxygen annealed films, which is an indication of reduction in chemisorptions of oxygen. The intensity of green emission peak of oxygen annealed film is almost equal to intensity of air annealed films. Hence, the intensity enhancement of green emission in the present study is only due to the improved crystallinity. Irrespective of the annealing atmosphere, both air annealed and oxygen annealed samples showed similar bahaviour in PLranging between 420 nm and 530 nm. This indicates that both the intrinsic shallow traps (V Zn ) and deep level vacancies (Z ni , O Zn and V O ) are being affected in ZnO [50] after the heat treatment. From the above discussion, it is confirmed that both the intrinsic traps and deep level vacancies are the most important factors that causes the broad visible emission from GZO.
Conclusion
The physical properties of GZO thin films prepared by spray pyrolysis were studied after heat treatment in air and oxygen atmospheres. The GZO thin films are polycrystalline with a preferred orientation (002). The crystallinity of GZO films improves after annealing treatment. It was found that from XPS studies, chemisorption of oxygen into the grain boundaries was predominant when heat treatment was carried out in air. The resistivity of GZO films annealed in air is higher than that of the as-deposited sample, but the resistivity decrease in oxygen is smaller than that as-deposited sample. It was found that the no change in optical band gap of oxygen annealed GZO thin films. PL studies were used to identify some intrinsic defect levels in GZO. It was found that PL intensity increases with heat treatment in both the air and oxygen atmospheres. It was confirmed that both the intrinsic traps and deep level vacancies were the most important factors that causes the broad visible emission.
